Foodborne microorganisms capable of causing human diseases are exposed to a wide range of physical and chemical stresses in the environment. Exposure of cells to extreme, yet sublethal, preharvest and postharvest conditions can result in habituation or adaptation, which may subsequently afford protection against otherwise lethal stresses. The genetic basis for production of acid-shock proteins and heat-shock proteins as well as other intracellular and extracellular factors that play a role in the development of tolerance and cross protection to environmental stresses has been studied extensively, the focus largely being directed toward Escherichia coli and Salmonella. Less is known about habituation of other foodborne pathogens and spoilage microorganisms in extreme alkaline environments. Exposure of cells to sublethal concentrations of alkaline cleaners and sanitizers routinely used in food processing plants, for example, creates conditions for alkaline habituation which may result in cross protection against heat or other pasteurization or preservation technologies used in the food industry. This paper briefly reviews the genetic basis for development of tolerance of foodborne pathogens to extreme pH conditions and discusses some of the practical implications in foods and food processing environments.
Introduction
Foods are exposed to a wide range of processing treatments intended to kill or control the growth of microorganisms. Thermal treatment of foods is extensively used for the purpose of killing or reducing populations of pathogenic and spoilage microorganisms. The exposure of microorganisms to sublethal heat treatment or sublethal concentrations of acidic and alkaline cleaners or sanitizers can, however, occur in food processing plants (Marriott, 1994) . Post processing exposure of microorganisms to stress conditions in food preparation areas and after ingestion can also occur. Rowbury (1993) groups these stresses into four general categories-chemical, nutritional, physical, and biological. Chemical stresses can result from exposure of cells to extreme pH, oxidizing agents, metal ions, electrophiles, alkylating agents, detergents, and mutagens, while nutritional stress consists of carbon starvation and deprivation of nutrients. Physical stresses can be induced by exposure of microorganisms to high osmotic environments, elevated or reduced temperatures, ultraviolet irradiation, and high hydrostatic pressure. Biological stresses are considered as those imposed, e.g., by antibiotics, bacteriophages, and colicins (Rowbury, 2001b) . The ability of foodborne spoilage and infectious microorganisms in food processing environments to survive under adverse conditions and become cross protected against subsequent stresses depends on intrinsic factors as well as mechanisms induced in the cell upon exposure to sublethal stresses (Abee & Wouters, 1999; Bower & Daeschel, 1999) .
Conditions as simple as change in pH of water used for various food production and processing purposes may also present microorganisms with certain stresses. Acidic sewage, acidic mine and chemical wastes, and fields to which low pH-generating fertilizers have been applied may lower the pH of estuaries and streams from which water is drawn to irrigate food crops or for post-harvest washing of foods. Ammoniacal agricultural wastes and those from chemical industries also contribute to alkalinizing the environment. Enteric pathogens in production and processing environments can contaminate foods via water at extreme pH used at any point pre-or postharvest. Exposure of cells to extreme pH may render them more resistant to subsequent low or high pH environments that would otherwise be considered lethal in a food plant setting (Rowbury et al., 1989) .
Problems of adverse pH and bacterial strategies to combat it have been reviewed (Dilworth & Glenn, 1999; Rowbury & Goodson, 2001) . The phenomenon of increased resistance of bacteria to stress conditions following exposure to sublethal pH stress can result from changes in one or more metabolic activities or functions. The internal pH of Escherichia coli cells, for example, is maintained at 7.4-7.8 in media at pH 5.0-9.0 (Slonczewski & Foster, 1996) . When the external pH exceeds 7.6, the pH homeostasis mechanism is inverted, i.e., the internal pH of the cell becomes more acidic than its environs. This inversion of pH does not allow the cell to use the proton motive force generated by the change in pH to synthesize ATP, although it appears to have little impact on the cell (Rowbury, 1993) . Homeostasis E-mail: msharma@cfs.griffin.peachnet.edu mechanisms within the cell can be constitutive and inducible (Lee et al., 1994) . The rapid recovery of cells exposed to shifts of several pH units points to involvement of a constitutive component, while survival at extreme pH points to an inducible component. The maintenance of internal pH of cells is important to the stability of macromolecules such as DNA and ATP (Jay, 2000) . Decarboxylases and deaminases have been known for many years to play major roles in modulating cell response to pH changes (Gale & Epps, 1942) . Degradative decarboxylases neutralize the acidic external environment through the Mueller effect, while deaminases acidify the external environment by producing weak acids. Decarboxylases have an optimal activity at pH 4.0-5.5, whereas deaminase activity is optimal at pH 8.0 (Jay, 2000) . Booth (1999) reviewed mechanisms regulating intracellular pH in bacteria.
An extracellular sensing mechanism has been described for the induction and habituation of E. coli to acidic and alkaline environments (Rowbury & Goodson, 1999; Rowbury, 2001a; 2001b) . This response is distinct from quorum sensing mechanisms utilized by other Gram-negative bacteria. In quorum sensing, the response is dependent on the intracellular accumulation of a specific chemical, N-acylhomoserine lactone (AHL). In most cases involving extracellular sensing components (ESCs) and extracellular inducing components (EICs), the response is induced by stable protein molecules. These and other physiological changes will be described further in sections focused on stress of foodborne pathogens resulting from exposure to extreme pH, with particular focus on alkaline stress.
Acid Stress
Cells of enteric pathogens can become injured upon exposure to cleaners and sanitizers widely used in food processing environments. Cells surviving such conditions must also tolerate the relatively high acidity of the stomach (pH Ͻ3) for up to 3 h to be able to colonize the intestinal tract and cause infection (Small et al., 1994) . Some researchers have described an inverse relationship between infectious dose (ID) and acid tolerance among enteric pathogens. Vibrio cholerae, for example, is estimated to have an ID of 10 9 cells and non-typhoid Salmonella has an ID of 10 5 cells, compared to Shigella flexneri, which has a lower ID of 10 2 , thought to be similar to that of enterohemorrhagic E. coli (Kothary & Babu, 2001) . V. cholerae exhibits the least amount of acid resistance, and therefore requires the highest ID to cause infection, while Shigella is more acid tolerant and can cause illness when ingested at lower doses (Lin et al., 1996) . Cross protection of acid-stressed Aeromonas hydrophila (Isonhood et al., 2002) and Shigella flexneri (Tetteh & Beuchat, 2001; has been described. reported that acidadapted S. flexneri cells are better able to survive in corn-based weaning porridges made from fermented dough than are unadapted cells, indicating that prior exposure of cells to mild acid stress renders them more resistant to subsequent acidic conditions. They recommended that porridge not consumed immediately after preparation be boiled again before feeding to infants. Reduction in gastric acidity caused by ingestion of antacids or decreased production of gastric acid can also lower the ID of acid-sensitive pathogens (Peterson et al., 1989) .
Pathogens that survive exposure to food processing plant environments must be able to tolerate low pH conditions imposed by some types of foods, e.g., fruit juices and fermented products, to eventually cause illness upon consumption. Cells must also be able to withstand exposure to stresses such as those imposed by organic acid treatments applied to animal carcasses for the purpose of decontamination and to reduced-pH environments resulting from the deliberate addition of acidulants to foods. Weak acids that are produced during fermentation of foods, applied to food surfaces, or incorporated into food formulae can eliminate or control the growth of bacteria (Dorsa et al., 1998) . Exposure to weak acids also occurs in the small intestine (Lin et al., 1996) . Regardless of the point of exposure of cells to an acidic environment, either subtle or marked differences in tolerance to subsequent exposure to extreme pH or other environmental stresses may be manifested. For example, treatment of E. coli with potassium sorbate at pH 7, but not pH 5 or 4.75, results in cross protection against sodium chloride and heat (Smith & Rowe, 2002) . Heat resistance was found to be mediated by an extracellular component identified tentatively as a 10-kDa protein. Leyer and Johnson (1992) examined whether acid adaptation would promote the survival of Salmonella Typhimurium during fermentation of milk to make cheeses. Acid-adapted and unadapted cells were added to fermenting milk when the milk reached pH 5.10. The acid-adapted cells showed increased survival compared with the unadapted cells during the later stages of fermentation ( Fig.  1) , showing that acid adaptation enhances survival of S. Typhimurium during active fermentation of milk in which several organic acids and other inhibitors are produced.
An acid tolerance response (ATR) in Salmonella was described by Foster and Hall (1990) . Populations of logarithmic growth phase cells produced in a medium at pH 7.6, then shifted to a medium at pH 5.8 for one generation, were 100-1000 times more resistant to exposure at pH 3.3 than were cells not held at pH 5.8. Two-dimensional gel electrophoresis revealed 18 proteins that had altered expression, indicating that development of ATR requires protein synthesis and is a defense mechanism against inactivation in low-pH environments. Another interesting observation from this groundbreaking paper was that a PhoP mutant was much more sensitive than the wild type to an acid environment. Since PhoP is thought to play a role in regulation of virulence factors in Salmonella and aid in its survival within macrophages, this may also suggest a correlation between induction of ATR and virulence factors of Salmonella. Reports cited by Gahan and Hill (1999) clearly showed that Salmonella and Listeria monocytogenes have evolved mechanisms to overcome initial defenses and use these hostile conditions encountered during infection as signals to regulate synthesis of genes for virulence.
An alternative sigma factor ( 38 ) encoded by the rpoS gene plays a role in transcribing genes involved in the response of bacterial cells to acid stress. This factor has also been shown to play a role in transcribing base inducible genes, as well as a starvation response in stationary growth phase E. coli cells (Slonczewski & Foster, 1996) . Salmonella Typhimurium mutants lacking the rpoS gene are more sensitive to acid stress than are wild type strains (Foster & Moreno, 1999) . Induced protein synthesis that confers acid tolerance has also been shown to occur in E. coli cells. When cultures were transferred from broth at pH 6.9 to broth at pH 4.3, synthesis of 16 polypeptides was induced (Heyde & Portailer, 1990) . Four of the proteins correlated well to known heat-shock proteins (GroEL, DnaK, HtpG, and HtpM) . These proteins are transcribed by the sigma factor encoded by the rpoH gene. The presence of heat shock proteins may indicate that exposure to acidic environments may also provide some degree of cross protection against thermal stress conditions.
Other work has shown that two pre-conditioning components affect the ability of Salmonella to survive upon exposure to low pH conditions, viz., ATR and acid shock (Foster, 1991) . Cells at pH 7.7 were considered to be acid shocked when they were exposed to a pH Յ4.5. This resulted in a change of expression of 52 acid shock proteins (ASPs). The acid shock response did not appear to enhance survival of Salmonella cells that had been exposed to pH 4.3. This was demonstrated by exposing cells to pH 3.3 after being held at pH 4.3. There was no difference in survival compared to that of cells not acid shocked. Therefore, pH homeostasis mechanisms appeared to be sufficient to protect cells at pH 4.3, but not at a pH 3.3. Foster (1991) proposed a two-stage process for ATR in Salmonella: pre-shock, which is the induction of a new homeostasis system at pH 5.8, and the production of ASPs at pH 3.3. Exposure to chloramphenicol at pH 4.3 resulted in death of cells at 3.3, indicating that some protein synthesis must occur when cells are exposed to pH 3.3 (Foster, 1991) . Therefore, development of adaptive acid tolerance is a two-stage process that involves the induction of an ATR-specific pH homeostasis mechanism and the synthesis of acid shock proteins.
ATR is a function of an inducible homeostasis mechanism, allowing the cell to maintain its intracellular pH when exposed to extreme extracellular pH, and enables S. Typhimurium cells to maintain an internal pH of 5.0-5.5 when exposed to pH 3.3 (Foster & Hall, 1991) . However, this inducible mechanism does not protect cells unless the external pH decreases to 4, and provides cells no protection when protein synthesis is inhibited. Constitutive homeostasis mechanisms were not efficient below pH 4 but were not affected by protein synthesis inhibitors either (Foster & Hall, 1991) . Cells not exposed to pH 3.3 had an internal pH that was 0.5 to 0.9 units lower than that of exposed cells. ATR is based upon the function of Mg 2ϩ -dependent proton translocating ATPase, which is not required for constitutive pH homeostasis responses. Lee et al. (1994) characterized three different acid tolerant mechanisms in S. Typhimurium: logarithmic growth phase ATR, stationary phase ATR, and the general stress resistance inherent in stationary phase cells. Stationary phase cells were a 1000-fold more tolerant than logarithmic growth phase cells after a 1-h exposure at pH 3.0. Stationary phase cells were no more acid resistant at pH 3.0 after 4 h than were logarithmic growth phase cells. However, stationary phase cells grown at pH 4.3 survived a challenge at pH 3.0 at populations a 1000-fold higher than stationary phase cells grown at pH 7.3. This indicates that a stationary phase ATR is inducible and separate from growth phase ATR and general stationary phase resistance to acid stress. The level of ATR in stationary phase cells induced at pH 3.0 is dependent upon the time cells are held at pH 4.3. Protein synthesis for 2 h is required to obtain maximum acid tolerance of stationary phase cells at pH 3.0. In contrast to ATR in logarithmic growth phase cells, inhibition of protein synthesis at pH 3.0 caused a decrease in ATR in stationary phase cells, and only about one-third the number of proteins required for ATR in logarithmic phase cells are synthesized in stationary phase cells (Lee et al., 1994) .
Three distinct acid survival systems have been characterized in E. coli O157:H7 (Lin et al., 1996) . The first system (AR1) is present when cells are oxidatively metabolizing nutrients in the absence of glucose, and could occur in some foods. This system can provide the cell some protection at pH 2.5 but does not seem to be present in cells that are fermentatively using metabolites. If cells are in minimal nutrient media containing arginine or glutamate, two other systems, arginine dependent acid resistance (AR2) and glutamate dependent acid resistance (AR3), may be operable. Lin et al. (1996) evaluated eleven strains of E. coli O157:H7 and four commensal non-pathogenic strains of E. coli to determine if the three separate mechanisms of acid resistance commonly exist. Strains exhibited varying degrees of the AR1 system when challenged at pH 2.5, but not pH 2.0. All strains also showed varying degrees of AR2 and AR3 systems when challenged at pH 2.0 and 2.5, respectively. No conclusions were reached to confirm that E. coli O157:H7 displayed more acid resistance than commensal strains. This study also investigated mechanisms of response to volatile fatty acid stress, similar to that encountered by cells in some types of foods and in the small intestine. Results showed that AR2 and AR3 systems provided protection for a longer duration (7 h) than did the AR1 system (4 h) at pH 4.4. Again, however, no conclusions could be reached that E. coli O157:H7 has increased resistance to volatile fatty acids over that of non-pathogenic strains. Other work indicates that E. coli O157:H7 mutants deficient in the rpoS gene showed no induction of the AR2 system or much lower levels of AR2 and AR3 systems (Price et al., 2000) . This supports the observation that rpoS-deficient mutants are more sensitive than parent cells to acidic conditions (Foster & Moreno, 1999) .
Completion of sequencing the genome of E. coli O157:H7 may also shed light on acid resistance in this pathogen. The genome of E. coli O157:H7 contains 1.3 Mb (megabases) of DNA that are not present E. coli K-12, a non-pathogenic strain (Perna et al., 2001) . The DNA is organized into "O" islands (OI's), which are mainly thought to encode virulence factors. On two of these OI's (OI 43 and OI 48), a gene cluster containing functional urease genes was identified (Heimer et al., 2002) . Urease degrades urea into ammonium ions, which are then secreted by the cell to raise the pH of the environment immediately outside of the cell, aiding in survival upon exposure to acidic conditions. When two strains of E. coli O157:H7 were assayed for urease activity at three pH values (5.0, 6.0, and 7.5), only one strain showed urease activity, and activity was greater at 5.0 than at 7.0. This finding suggests that urease activity may be enhanced at lower pH. Variability in urease activity among the two strains may be partially explained by genome variability among E. coli O157:H7 strains. Analysis of 46 strains of E. coli O157:H7 by pulsed field gel electrophoresis revealed that they differed by the insertion or deletion of genes in the OI's but not by single nucleotide mutations (Kudva et al., 2002) . These insertions and deletions would affect the expression of the urease gene in E. coli O157:H7 and may affect acid resistance.
Enterohemorrhagic E. coli O157:H7 has been shown to survive for up to 5 h at pH 2.5 (Benjamin & Datta, 1995) and late stationary phase cells show more acid tolerance than early stationary phase cells. Survival of E. coli O157:H7 under acidic conditions depends on temperature and type of acidulant used (Conner & Kotrola, 1995) . Acetic, citric, lactic, malic, mandelic, and tartaric acids exhibit varying degrees of effectiveness in reducing populations of non-pathogenic and pathogenic strains of E. coli, including E. coli O157:H7. E. coli O157:H7 was recovered at higher populations from tryptic soy broth supplemented with 0.6% yeast extract and acidified with acetic, malic, citric, lactic, and tartaric acid at 25˚C than at 4˚C or 10˚C. Surprisingly, the pathogen survived at higher populations at 4˚C in the presence of organic acids than in their absence. Although there may have been a cross protective physiological response to cold stress resulting from exposure to acidic pH, organic acids may also function as cryoprotectants and aid in survival of cells at 4˚C. Berry and Cutter (2000) evaluated 2% acetic acid as a spray to kill acid-adapted and unadapted cells of E. coli O157:H7 inoculated onto the surface of prerigor beef carcasses. Larger populations of acid-adapted cells than unadapted cells remained on beef following acetic acid treatment and differences remained throughout 14 days at 4˚C storage (Fig. 2) . Results clearly indicated that the level of acid tolerance of E. coli O157:H7 as shed from cattle is significant to the microbial safety of meat products. Other investigators have observed that acetic, lactic, malic, or citric acids differ in their inhibitory and lethal effects against acidadapted and non-adapted E. coli O157:H7 . Acid-adapted cells survived for a longer duration in acidified broth than did unadapted cells. However, the number of colonies formed by adapted and unadapted cells on recovery media acidified to the same pH with different acids was essentially the same.
Some strains of E. coli O157:H7 have been shown to maintain acid resistance when held at 4˚C in neutral pH environments for up to 28 days (Lin et al., 1996) . Populations of E. coli O157:H7 required 2-23 days to decline by 3 logs in brain heart infusion agar (pH 4.52) at a w 0.910 (Duffy et al., 2000) . Non-pathogenic E. coli strains required 1 to 28 days to decline by 3 logs in the same medium, suggesting that non-pathogenic strains may be suitable for use as surrogates for E. coli O157:H7 in challenge studies. Diez-Gonzalez and Russell (1999) reported that E. coli O157:H7 grown aerobically only needed half as much acetate to induce extreme acid resistance compared to cells grown anaerobically.
Acid-adapted E. coli O157:H7 have been shown to survive for longer durations than non-adapted cells in refrigerated fruit juices (Hsing-Yi & Chou, 2001) . Cells adapted at pH 5.0 for 4 h survived longer than unadapted cells in mango juice (pH 3.2) and asparagus juice (pH 3.6). Survival of cells inoculated into yakult (pH 3.6) and low-fat yogurt (pH 3.9) did not differ from survival of non-adapted cells, suggesting that the presence of other antimicrobial components, e.g., bacteriocins, hydrogen peroxide, ethanol, or diacetyl, may negate the acid resistance mechanism.
Acid adaptation has been shown to increase the thermotolerance of E. coli O157:H7. Stationary growth phase cells that were grown in tryptic soy broth (TSB) supplemented with glucose (TSB+G) at pH 4.6-4.7 required longer heating times (2-to 4fold) to achieve a 5-log reduction compared to times required to kill cells grown in TSB without glucose at pH 7.0-7.2 (Buchanan & Edelson, 1999). Acid-adapted E. coli O157:H7 cells exhibited increased thermotolerance when heated in milk and chicken broth but not in apple cider (pH 3.5), which is consistent with the observation that heat resistance of foodborne pathogens decreases at pH below 4.0-4.5 (Buchanan & Edelson, 1999) . D values of acid-adapted E. coli O157:H7 cells in TSB at 52˚C, 54˚C, and 56˚C were significantly higher than those of acid-shocked cells or unadapted cells . Leyer and Johnson (1993) reported that acid-adapted S. Typhimurium cells were more resistant to heat, salt (NaCl), lactoperoxidase, crystal violet, and polymyxin B than were unadapted cells. These researchers also observed that various outer membrane proteins expressed in acid-adapted cells were not evident in non-adapted cells, but the lipopolysaccharide layer remained the same. This change in the outer-membrane proteins may be responsible, in part, for increased resistance to environmental stresses. Increased heat tolerance of acid-adapted cells correlates well with synthesis of heat shock proteins by acid-adapted E. coli (Heyde & Portailer, 1990) . (2000), with permission.
Extracellular Inducing and Sensing Components
Researchers have suggested that acid tolerance is induced by extracellular inducing components (EICs). EICs are formed from a precursor molecule, termed an extracellular sensing component (ESC) , that is thought to be necessary for induction of several stress responses (Rowbury, 2002; Rowbury & Goodson, 2001) (Table 1) . Rowbury (2001b) detected an ESC in culture media after growth of a non-pathogenic strain of E. coli at pH 7.0-9.0. EICs were present in media at pH 4.5 and 6.0, but not at pH 6.5. The nature of the conversion of acidic ESCs to EICs has not been defined, but possibilities are offered by Rowbury (2001a; 2000b; include proteolysis, polymerization, depolymerization and/or conformational changes. The findings reviewed by Rowbury and Goodson (2001) overturn a major tenet of bacterial physiology, namely that stimuli which switch on inducible responses are always detected by intracellular sensors, with all other components and stages of induction also being intracellular. They concluded that triggering of stress responses is by a distinct process, with an ESC component being involved. Exposure of E. coli cells in mid-logarithmic growth phase at pH 7.0 to the cell-free supernatant confers increased acid resistance when exposed to pH 3.0 for 5 min (Rowbury et al., 1998) . In another study, EICs synthesized by non-pathogenic E. coli conferred greater acid tolerance to E. coli O157:H7 (Ingham, 2002) . EICs produced by E. coli O157:H7 have also been shown to induce acid tolerance in S. Typhimurium (Ingham, 2002) . If the production of EICs by a non-pathogenic strain can induce a more acid tolerant phenotype in a pathogenic strain, this would have farreaching implications to microorganisms in food processing environments and in minimally processed foods.
Investigators have termed EIC as an alarmone, a molecule that can induce a phenotypic stress response in cells that have not been exposed to that particular stress (Rowbury, 2001a; van Bogelen et al., 1987a) . These researchers used SDS-PAGE techniques to characterize EICs, and reported molecular weights in a range of only 5 to 15 kDa. Treating these same filtrates with protease did not confer acid tolerance, indicating the proteinaceous nature of the extracellular component (Rowbury et al., 1998; Rowbury, 2001a) . Both ESCs and EICs were susceptible to pro-tease activity and were inactivated at 100˚C but not 75˚C. EICs were stable at pH 2 and 11.5 and not converted to ESCs in the presence of cAMP, phosphate, or bicarbonate (Rowbury, 2001a) . Some researchers have postulated that acid tolerance of E. coli O157:H7 is low during early logarithmic growth phase and subsequently rises when cells reach mid to late logarithmic growth (Rowberry, 2001a) , possibly because EICs are not present during early logarithmic growth cells. This may be due to the formation of EICs during this phase of growth. Filtrates of mid-logarithmic growth phase cultures have been shown to induce acid tolerance in cells in other cultures, whereas filtrates from early logarithmic growth phase cells did not (Rowbury, 2001a; Ingham, 2002) .
Alkali sensitization after exposure to acidic conditions is also thought to be an EIC-mediated process (Rowbury & Hussain, 1996) . Cells of E. coli that were transferred from broth at pH 7.0 to broth at pH 5.5 and then challenged at pH 9.5 or 9.75 for 30 min survived in lower numbers than cells not exposed to pH 5.5 before exposure to alkaline pH. An EIC detected at pH 5.5 was characterized as a small protein molecule (Ͻ5 kDa) and distinctly different from acid-induced EIC (Rowbury, 2001b) . Chloramphenicol inhibited the development of alkali sensitivity, indicating that protein synthesis is needed to generate alkali-sensitive ESC. There may also be a role for the sodium/hydrogen ion transporter protein, NhaA, because E. coli mutants not expressing NhaA have very little alkali sensitivity (Rowbury & Hussain, 1996) . Alkali sensitivity of cells after exposure to acidic conditions may be unexpected because genes that express tolerance to both acidic and alkaline conditions are dependent upon the same sigma factor (Slonczewski & Foster, 1996) . This regulatory mechanism may allow enteric pathogens to survive the rapid transition between acidic and alkaline conditions encountered in the digestive tract of warm-blooded animals. The same phenomenon may also occur in microbial cells exposed to extreme shifts in pH in food processing environments or in fermenting foods.
Alkali Stress
Microorganisms capable of causing diseases in humans may be exposed to alkaline conditions in a variety of pre-and post- processing environments. The use of alkaline cleaners and sanitizers is widespread in the food processing plants and in the foodservice industry. Strongly alkaline cleaners are used to remove heavy soils (proteins and fats), for example, in meat processing plants. Sodium hydroxide (caustic soda) and silicates that have high N 2 O : SiO 2 ratios are considered as strongly alkaline cleaners (Marriott, 1994) . The microbiocidal activity of caustic soda (pH 12.7) is not surprising since elevated pH has been shown to cause membrane disruption and lethality to bacteria (Mendonca et al., 1994) . Active ingredients of heavy-duty cleaners include sodium metasilicate (pH 12.0), sodium pyrophosphate (pH 10.1), sodium carbonate (pH 11.3), and sodium hexametaphosphate. This class of cleaners is frequently used in mechanized food processing systems, including clean-in-place (CIP) and high-pressure systems. They are considered most effective in removing fats from surfaces. Mild alkaline cleaners include sodium carbonate, sodium sesquicarbonate (pH 9.7), tetrasodium pyrophosphate (pH 10.1), phosphate water conditioners (sequesters), and alkyl aryl sulfonates, which function as surfactants (Marriott, 1994) . Several sanitizers used in food processing plants also have alkaline pH. Quaternary ammonium salts, commonly referred to as "quats," form bacteriostatic films after application to surfaces and are effective in killing pathogens such as L. monocytogenes (Marriott, 1994) . Benzalkonium chloride and cetrimide were lethal to 90 of 97 strains of L. monocytogenes (Merghetti et al., 2000) . Quats are more effective in the presence of organic matter than are chlorine or iodine sanitizers. Although simultaneous application of sanitizers with alkaline cleaning compounds is not recommended, an increase in alkalinity of some sanitizers may increase effectiveness (Marriott, 1994) . Chlorine compounds are extensively used as sanitizers in the food industry, and killing microbial cells is thought to result from a variety of mechanisms. However, some chlorine compounds are more effective at low pH. There has been much attention given to the microbiocidal activity of chlorine dioxide (ClO 2 ) in food processing environments because it is more effective than chlorine at pH 8.5.
Several alkaline sanitizers have been applied directly to food with varying success in killing target microorganisms. A commercial wash consisting of water, oleic acid, glycerol, ethanol, potassium hydroxide, sodium bicarbonate, citric acid, and distilled grapefruit oil (pH of 11.5) significantly reduced counts of Salmonella by at least 2 log cfu/ml of treatment solution applied to tomatoes, compared to populations recovered from the water control (Harris et al., 2001) . The alkaline portion of electrolyzed water has a pH of Ͼ11.0; when this portion was combined with acidic electrolyzed water, resulting in a solution at pH 7.0, frozen, and applied to lettuce, reductions in populations of aerobic microorganisms were not as great as those observed when the acidic electrolyzed portion was applied (Koseki et al., 2002) . Sodium hydroxide (pH 11.8) reduced E. coli counts on oranges by ca. 3.2 log cfu/cm 2 compared to the water control. An alkaline cleaning solution composed of sodium and potassium hydroxide combined with surfactants (pH 10.8) caused a reduction of 3.5 log cfu/cm 2 (Pao et al., 2000) . An alkaline sanitizer, sodium ortho-phenylphenate (SOPP, pH 11.8), reduced counts by ca. 3.7 log cfu/cm 2 . The bactericidal action of SOPP is attributed to a combination of high pH and o-phenol groups.
Alkaline hypochlorite containing 1000 mg of total chlorine per liter of carbonate buffer (pH 11) reduced populations of Pseudomonas aeruginosa and Klebsiella pneumoniae in biofilms by 0.85 log cfu/ml (Stewart et al., 2001) . Its efficacy was diminished due to neutralization by organic matter in the biofilm. Trisodium phosphate (TSP) has been approved by the U.S. Department of Agriculture as a post chill antimicrobial treatment for raw poultry. At a concentration of 10% (wt/vol), TSP has been used to reduce the population of Salmonella Enteritidis in biofilm, although, like alkaline hypochlorite, the sanitizer has greater efficacy at the interface of the biofilm and the sanitizer compared to the interior of the biofilm (Korber et al., 1997) . Biofilm cells of S. Typhimurium and L. monocytogenes are more resistant to TSP than planktonic cells (Somers et al., 1994) . Trisodium phosphate (12%, pH 11.18), when applied to beef tissue surfaces for various times and at a range of temperatures, caused reductions in populations of pseudomonads, E. coli O157:H7, Listeria innocua, and S. Typhimurium over a 21-day storage period (Dorsa et al., 1998) . Reductions in counts of mesophilic aerobes and of lactic acid bacteria were not observed during this same period. The pH of TSP declined from 11.2 (at application) to 9.14 after 24 h at 4˚C (immediately before grinding beef) to 6.0 in the ground beef immediately after grinding. Lindsay et al. (2000) studied growth temperatures, pH ranges, attachment abilities, hydrophobicity, and enzyme production capabilities of four Bacillus species isolated from alkaline wash solutions used in a dairy product plant. All isolates attached to stainless steel at pH 4, 7, and 10 in a 1% milk medium. Proteolytic enzymes were produced at pH 7 and 10, but not at pH 4. Three isolates produced lipolytic enzymes at pH 7 and 10. Habituation of Bacillus species, including potentially toxigenic B. cereus, to alkaline pH in biofilm environments in dairy and other food processing facilities may occur.
Induction of Alkaline Tolerance
Improper use of alkaline cleaners and sanitizers in food processing plants could lead to alkali habituation of pathogenic microorganisms. Using broth alkalinized with NaOH, Miller and Kaspar (1994) showed that some E. coli O157:H7 cells are able to survive at pH 12 for up to 7 h and pH 11 for up to 24 h (Table  2) . A non-pathogenic strain of E. coli survived for the same periods of time at pH 11 and 12 but at lower populations than E. coli O157:H7. Although limited in the number of strains examined, an initial observation from this work is that cells of E. coli O157:H7, or EHEC strains in general, may have higher resistance than non-pathogenic E. coli cells to alkaline pH.
As with genes induced by acid response in Salmonella and E. coli, alkaline-induced genes are dependent upon the same sigma factor (Slonczewski & Foster, 1996) . One genetic locus (alx) has been shown to be induced by 100-fold in alkaline media (pH 8.5) compared to induction at pH 6.5 (Bingham et al., 1990) . Investigators have described the induction of the "save our ship" (SOS) response resulting from elevation of the internal pH in E. coli (Schuldiner et al., 1986) . Gene expression correlated with SOS functions in the cell was induced by increasing the internal pH from 7.2 to 8.6. The structural gene (galK) expressing galactokinase is linked to the promoter of uvrA, a gene that is expressed when the SOS response is activated. Galactokinase activity was rapidly elevated at pH 8.6 compared to pH 7.2. A proposed mechanism for this response is that the protein regulating expression of the SOS response in E. coli, LexA, is cleaved by the gene product of recA, another gene involved in the SOS response (Schuldiner et al., 1986) . LexA normally acts as a repressor of SOS genes, so its function is impaired and genes of the SOS response can potentially be expressed. The induction of the SOS response by therapeutic agents such as quinolones and trimethoprim has been shown to increase expression of Shiga toxin 2 (stx2) genes in Shiga toxin-producing E. coli (Kimmitt et al., 2000) . The stx2 genes are carried on an integrated bacteriophage gene in the bacterial chromosome. In a mechanism similar to LexA inactivation, the protein that regulates phage gene expression, CI, is also cleaved. This allows the previously silent bacteriophage genes (including stx2) to become expressed (Kimmitt et al., 2000) . Thus, there may be consequences to the alkaline induction of the SOS response in E. coli O157:H7 in terms of survival in food processing plants in the clinical settings. It does not appear that organic acid stress elicits the SOS response in E. coli. Short chain organic acids, e.g., propionic and formic, do not induce the SOS response in E. coli K12 (Cherrington et al., 1991) . Rowbury et al. (1989) reported that a larger percentage of E. coli cells incubated at 37˚C in nutrient broth at pH 9.0, then exposed to pH 11.5 for 5 or 8 min, survived compared to cells grown in broth at pH 7. Also, cells exposed to pH 9.0 survived better on nutrient agar plates containing desoxycholate (a bile salt) than cells that were not exposed to an alkaline environment. This provides a basis to strengthen the concept that E. coli may become habituated to alkaline conditions. Investigators from the same laboratory showed that alkali habituation of E. coli cells is not dependent upon DNA repair mechanisms of the SOS response (Goodson & Rowbury, 1990) . Mutants deficient in DNA repair, i.e., lacking the recA and polA genes, which are components of the SOS response, were as adept as wild type cells at becoming habituated to alkaline conditions. Alkali habituated mutant and wild-type cells of E. coli were more resistant to the lethal effects of ultraviolet (UV) light than were non-habituated cells. Since the DNA repair mutants exhibited UV resistance, alkali habituation was not attributed to the SOS response.
Alkali Habituation
Knowledge concerning alkali habituation was further advanced by investigations of regulatory mechanisms of E. coli in its response to alkaline conditions. E. coli cells held at pH 9.0 for 30 min and then exposed to pH 11.5 for 5 min survived in much higher numbers than did cells that were held at either pH 7 or pH 8 . However, this response was eliminated when antibiotics that inhibit protein synthesis were added to the medium during the induction period. This behavior is analogous to that of cells exhibiting ATR (Foster, & Hall 1990) . Cells treated at pH 9.0 exhibited greater DNA stability than those treated at pH 7.0. This observation is further supported by the fact that E. coli cells lacking the nhaA gene, encoding NhaA, a Na ϩ / H ϩ antiporter, failed to exhibit alkali habituation, indicating that Na ϩ may have contributed to lethality caused by alkaline pH .
Information on the behavior of L. monocytogenes subjected to extreme pH stress is meager compared to that on gram-negative enteric pathogens. However, L. monocytogenes survives well when exposed to alkaline conditions and has been known for some time to grow in media at pH up to 9.6 (Gray & Killinger, 1966) . Laird et al. (1991) investigated the viability of two strains of L. monocytogenes in synthetic egg washwater adjusted to pH 8.0-10.5 using an alkaline solution containing a surfactant, sodium carbonate, alkaline phosphate, sodium metasilicate, and 0.6-0.8% available chlorine. After 4 h at 33˚C in alkaline detergent solutions, less than a l-log decrease in two strains of L. monocytogenes was observed, while up to a 3-log decrease in populations occurred in neutral pH controls without added detergent. A third strain was less resistant than the other two strains. L. monocytogenes survived in alkaline food process fluids after storage for 2 weeks at 3.5˚C (Rossmoore & Drenzek, 1990) . Populations in potable water containing a corrosion inhibitor (pH 9.3) decreased by only 1.1 log 10 cfu/ml, while populations decreased by 3.1 log 10 cfu/ml in the same solution supplemented with 35% propylene glycol. Storage at 25˚C in 1% conveyor lubricant solution (pH 9.5) resulted in only a 2-log reduction after 2 weeks.
In an investigation of the effects of alkaline pH stress on growth rate of L. monocytogenes, three strains were not affected by the presence of NaOH and NH 4 ϩ (Cheroutre-Vialette et al., 1998) . Cells adapted readily to the alkalinization of the medium to pH 9.0. Growth of a strain obtained from a food processing environment was not affected by alkaline treatment whereas growth and lag phases were affected by acid. Vasseur et al. (1999) performed similar experiments on five strains of L. monocytogenes isolated from industrial food plants. In this study, growth rates were determined in meat tryptone broth supplemented with glucose (5 g/l) and adjusted to pH 9.5, 10.0, 10.5 or 11.0 using NaOH. Increasing alkalinity resulted in increased lag phases for all strains, but at pH 11, three of the five strains were more tolerant. Growth of L. monocytogenes at pH Ͼ9.5 is unusual (Gray & Killinger, 1966) , but fermentation of glucose present in the culture medium may have in fact allowed the organism to lower the pH prior to cell proliferation. Final pH values of growth media used in this study were not reported. Vasseur et al. (1999) proposed two hypotheses for the mechanism causing damage of L. monocytogenes by cells by NaOH: (i) at highly alkaline pH, the Na ϩ /H ϩ antiporters might become saturated with excess Na ϩ entering the cell and, thus, loss of ability of ion gradient maintenance as well as membrane protein inhibition would result, or (ii) high pH values could lead to saponification of membrane lipids and destabilization of the proteins responsible for lipid bilayer integrity.
In an attempt to determine the effect alkaline pH has on disrupting the cytoplasmic membrane, Mendonca et al. (1994) subjected several foodborne pathogens, including L. monocytogenes, to NaHCO 3 -NaOH buffer solutions at pH 9, 10, 11, and 12 at 37 or 45˚C for various times. Viability was assessed by enumerating survivors on selective and non-selective media and cell morphology was examined using scanning electron microscopy and transmission electron microscopy. L. monocytogenes was substantially more resistant than S. Enteritidis or E. coli to alkaline pH. At pH 9, populations of L. monocytogenes remained stable at 37 and 45˚C. Exposure of the pathogen to pH 10 for 15 min at 37˚C caused only slight decreases, while exposure to pH 11 or 12 resulted in a 1-log reduction. Microscopy revealed that, contrary to the Gram-negative bacteria tested, L. monocytogenes cells did not leak constituents following exposure to any of the pH values tested, nor was DNA detected in any of the filtrates from L. monocytogenes cultures. While Gram-negative cells appeared to be collapsed and wrinkled, L. monocytogenes cells were not. Interestingly, upon exposure of L. monocytogenes to alkaline pH, the cytoplasmic membrane bulged against the cell wall. These researchers concluded that the presence of a thick rigid peptidoglycan layer in Gram-positive bacteria may prevent the alkali-weakened cytoplasmic membrane from expanding and bursting.
Strains of Bacillus subtilis isolated from a dairy plant have been shown to maintain an internal pH of approximately 8 when exposed to pH 12. At external pH greater than 8, the internal pH was at least one unit lower (Lindsay et al., 2002) . In the same study, Bacillus subtilis grew at pH 10.0 and 10.5 in a buffered medium incubated at 37˚C for 5 and 8 days, respectively. Other neutrophilic Bacillus strains may respond in a similar manner. Using macroarray technology, eighty genes were induced and identified in B. subtilis when cultures were shifted from pH 6.3 to 8.9 (Wiegert et al., 2001) . These genes are thought to be transcribed by a sigma factor which regulates gene expression in Bacillus in a manner similar to that in E. coli. Krulwich (1995) reviewed alkaliphic bacteria with particular focus on physiological responses of Bacillus species to extreme alkaline pH.
Role of Sodium
Sodium has been reported to impact the ability of stationary phase E. coli cells to survive exposure to pH 9.8 for 4 h (Small et al., 1994) . Cells grown overnight, then exposed to Luria-Bertani (LB) broth buffered at pH 9.8 and containing approximately 10 mM Na ϩ , showed a 100-fold enhancement in their survival over cells exposed to broth containing 150 mM Na ϩ at the same pH. Sodium had little impact on survival of cells grown at pH 8, then exposed to the same conditions. When exposed to pH 10.2 in LB broth, the replacement of Na ϩ with K ϩ allowed 50% of the E. coli cells to survive, compared to survival of 0.06% of cells in LB broth containing Na ϩ (Small et al., 1994) . The number of sta-tionary phase Shigella flexneri cells surviving exposure to the same conditions was significantly less than that of E. coli, decreasing rapidly over 2 h, regardless of the presence of Na ϩ . This difference in behavior of E. coli and S. flexneri is important because there is a significant degree of genetic homology between certain strains of the two bacteria. These findings show that Na ϩ plays an antagonistic role toward cells exposed to alkaline conditions. Although stationary phase cells are known to be more resistant than log phase cells to a number of environmental stresses, these findings are still significant. Bacillus pseudofirmus and B. halodurans, which are able to grow at pH 9, have a requirement for some level of Na ϩ (Krulwich et al., 2001) . This may indicate that the concentration of Na ϩ needed for maintenance of pH homeostasis in Gram-positive bacteria differs from that in Gram-negative bacteria.
Cells lacking the nhaB gene, which encodes a different Na ϩ / H ϩ antiporter, did exhibit alkali habituation, indicating that its role is not crucial under alkaline conditions in the presence of a high concentration of Na ϩ . Although only measured at one induction pH (8.5), it was concluded that the alkalinizing agent (NaOH vs. KOH) does not play a role in the response . The nhaA gene encodes Na ϩ /H ϩ antiporter (NhaA) which spans the cell membrane and is expressed at higher levels at high pH (Slonczewski & Foster, 1996) . The expression of the gene is regulated by the intracellular Na ϩ concentration, NhaR, a regulator protein, and alkaline pH (Rothman et al., 1996; Seo, 1998) . The rate of ion exchange varies with pH (7-8). Cells expel one Na ϩ ion for one H ϩ under low pH conditions, but this ratio changes to 1 Na ϩ for 2 H ϩ at high pH (Seo, 1998) . Neither NhaA nor NhaB are active at pH less than 6.0, although NhaB seems to be more active than NhaA at pH 6.5. NhaA shows more activity than NhaB at pH 7.4 and above (Seo, 1998) . The genetic expression of nhaA is regulated by two different genetic promoters: P1, in conjunction with NhaR and Na ϩ is activated when cells are in log phase; P2, in conjunction with the sigma factor, is activated in stationary phase cells (Dover & Padan, 2001) . Others have suggested that NhaA activity is more dependent on the Na ϩ concentration inside the cell, rather than alkaline pH, and functions in a supporting role to other Na ϩ /H ϩ antiporters (Shijuku et al., 2001) . Several other factors have been shown to promote survival and growth of E. coli under alkaline conditions. Cells of E. coli grown aerobically at 37˚C to mid-log phase in a buffered medium at pH 9.2 produced more tryptophan deaminase (TnaA) than cells growing at neutral pH (Blackenhorn et al., 1999) . TnaA deaminates tryptophan, serine, and cysteine, which can be further degraded to pyruvic and formic acids. The formation of these acids by deamination may allow the cell to combat external alkaline conditions by releasing them and lowering the immediate pH surrounding the cell (Blakenhorn et al., 1999) . Several other proteins in E. coli are induced by alkaline or acid at environments (Table 3) . AstD is a protein that aids in arginine degradation, which is another pathway that produces NH 3 , along with glutamate (Stancik et al., 2002) . Glutamate is further broken down into ␥-aminobutyric acid (GABA), which is degraded into succinate by GabT, another alkali-induced protein. TnaA, AstD, and GabT are all alkali-induced proteins that function as degradative enzymes and produce NH 3 . CysK, an enzyme involved in cysteine biosynthesis under neutral conditions, is also alkali-induced but its role has yet to be resolved.
The surA protein is essential for growth of E. coli at pH 9 (Sara et al., 1998) . This protein assists in the folding of outermembrane proteins. Mutant cells lacking this protein lyse at pH Ն9 (Sara & Kolter, 1996) . Unlike other genes that have been expressed under high pH conditions, surA is not transcribed by the alternate sigma factor. Phage shock proteins (PSPs) are also required for survival of stationary phase E. coli cells at pH 9 (Weiner & Model, 1994) . Mutants that lacked the operon psp-ABCE that encodes PSPs showed a significant decrease in survival under the same conditions. E. coli grown in a minimal nutrient medium at pH 8.2 in the presence of glycine betaine has an increased rate of growth compared to cells grown in the absence of glycine betaine (Smirnova & Oktyabrsky, 1995) . The addition of glycine betaine also decreased intracellular pools of K ϩ , causing an increased efflux from the cell. This affect may be similar to the enhanced activity of NhaA at alkaline pH.
Involvement of EICs
EICs may play a role in alkali habituation (Rowbury, 2001a; 2001b) . Filtrates from cultures grown at pH 9.0 induced an alkali habituation response in unstressed E. coli cells grown at pH 7.0. ESCs were present in the E. coli culture (pH 7.0) and filtrates from cells grown at pH 5.5-9.0. Alkaline ESCs are similar to acidic counterparts in their sensitivity to heat, but unlike acidic ESCs, they are not as susceptible to proteolysis (Rowbury, 2001a ).
An EIC mediated mechanism has also been proposed as necessary for development of tolerance to alkyl hydroperoxide (AHP) by E. coli K12 (Lazim & Rowbury, 2000) . Cells shifted from pH 7.0 to 9.0 had increased tolerance to cumene hydroperoxide (50 g/ml). Cells in cultures that were continuously filtered or dialyzed were more susceptible to the lethal effects of hydroperoxide than were cells in non-filtered, non-dialyzed, and protease-treated cultures. Culture filtrates at pH 9.0 induced AHP tolerance in unstressed E. coli cells at pH 7.0. Dialysis and filtration techniques were used to prevent AHP EICs from inducing an AHP-tolerant response in cells not exposed to AHP EICs (Lazim & Rowbury, 2000) . Other work has shown that exposure of E. coli O157:H7 cells to sub-lethal (12 mM) doses of hydrogen peroxide results in increased protection against lethal doses (80 mM) (Zook et al., 2001) . Since alkyl hydroperoxides are formed by the reaction of hydrogen peroxide with cellular metabolites, the role of hydrogen peroxide tolerance cannot be overlooked.
Unlike ESC-EIC mechanisms described for acid habituation, alkali habituation, and alkali sensitivity, AHP EIC is not characterized as proteinaceous because protease treatment has no effect on tolerance and inactivation occurs at 75˚C (Lazim & Rowbury, 2000) . It is also possible that the AHP EIC mechanism is more related to quorum sensing, indicating that a minimum number of EIC molecules must be present to induce the response. Other studies have shown that non-proteinacious alarmones differ in their ability to induce stress responses (van Bogelen et al., 1987a) . Adenylated nucleotides are produced by E. coli in response to oxidative stress but not in response to heat stress. For this reason, it is thought that they might act like alarmones in triggering the oxidative response mechanism (van Bogelen et al., 1987a) . These researchers concluded that adenylated nucleotides may play a role in the response of cells to oxidative stress at high temperatures but not in inducing heat shock response.
Alkaline Stress and Cross Protection
Alkaline conditions have also been shown to induce synthesis of heat shock proteins (HSPs) in E. coli cells (Taglicht et al., 1987) . Analysis by SDS-PAGE has revealed increased amounts of HSPs (DnaK and GroE) in alkaline-stressed cells. An alkaline pH external to cells induced HSP synthesis, but raising the internal pH did not have a similar effect. Also, an acidic shift of extra- OmpX Outer membrane protein X a) Proteins were identified by MALDI-TOF MS unless noted otherwise* Adapted from Stancik et al. (2002) with permission of J. Bacteriol. cellular pH did not stimulate HSP production in the cells. Cells of Enterococcus faecalis adapted to pH 10.5 for 30 min, then exposed to pH 11.9, showed a 3-to 8-fold increase in levels of DnaK and GroEL (Flahaut et al., 1997) . However, it is difficult to ascertain if the increased rate of synthesis of HSPs actually increased thermotolerance because cells were not exposed to heat treatment. Expression of heat-shock proteins induced by non-thermal methods failed to result in increased thermotolerance of E. coli cells (van Bogelen et al., 1987b) . Exposure of S. Enteritidis PT4 to alkaline conditions, on the other hand, has been shown to increase thermotolerance (Humphrey et al., 1991) . Cells that were grown overnight in broth at pH 7 and then exposed to pH 9.2 for 5-30 min in Lemco broth had D 55˚C values that were almost 4-fold higher than that of cells not exposed to alkaline pH. Thermotolerance was rapidly induced when cultures were incubated at 37˚C at pH 9.2 for 2 h, and was dependent upon protein synthesis (Humphrey et al., 1993) . Heat sensitivity was only regained when cultures were shifted from pH 9.2 to 7.0 and allowed to grow.
The cross protection phenomenon in L. monocytogenes has also been studied. Palumbo et al. (1996) calculated the D 56.6˚C value for L. monocytogenes in egg whites as affected by alkaline pH. The D 56.6˚C value was 2.6 times higher at pH 9.3 than at pH 7.8. The effect of high pH on increased heat resistance of L. monocytogenes was attributed to a lack of heat stability of an inherent antilisterial enzyme, lysozyme, which is more heat stable at pH 7 than at pH 9. While thermal destruction of the enzyme may have played a role in thermotolerance, other studies suggest that exposure of L. monocytogenes to alkaline pH alone results in increased tolerance to heating at 56-59˚C (Taormina & Beuchat, 2002b) .
Upon alkaline shock of L. monocytogenes at 37˚C for 35 min in a minimal medium at pH 10.0, the number of proteins detected on two-dimensional polyacrylamide gel electrophoresis (PAGE) compared to the number detected in non-stressed cells was reduced by 67% (Phan-Thanh & Gormon, 1997). However, among 254 protein spots detected by PAGE, 11 were novel proteins and 16 others were up-regulated from 2-to 14-fold. In a separate study of heat-and cold-shock proteins (Phan-Thanh & Gormon, 1995) , two heat-shock proteins nearly identical in molecular mass and isoelectric points to two constitutive proteins induced by alkaline stress were at nearly the same ratio in nonstressed control cells. Lou and Yousef (1996) observed an increase in heat resistance of L. monocytogenes as the time of starvation in 0.1 M phosphate buffer at 30˚C increased. Recovery of starved cells heated at 56˚C for various times was substantially greater on tryptic soy agar than on tryptic soy agar supplemented with NaCl, suggesting that starvation protected heat-injured cells from the lethal effect of extended exposure to heat. Investigations into a phenomenon known as "stress hardening" in L. monocytogenes revealed that exposure of cells to pH 4.5-5.0 or 5% ethanol significantly increased resistance to otherwise lethal treatment with acid, ethanol, or H 2 O 2 . It was also observed that adaptation to ethanol significantly increased the resistance of L. monocytogenes to NaCl. Adaptation to 0.5% H 2 O 2 , 7% NaCl, or heat caused increased resistance to 1% H 2 O 2 . Also, heat shock significantly increased resistance to ethanol and NaCl. Studies such as these have revealed that stress response in L. monocytogenes is com-plex and that some stresses can induce resistance to unrelated stresses. Less information is available describing the resistance of alkali-habituated L. monocytogenes to subsequent exposure to sublethal concentrations of food processing equipment cleaners and sanitizers.
A strain of L. monocytogenes freshly isolated from a food processing environment was shown to be more resistant to heating at 56 or 59˚C following incubation for 45 min in tryptose phosphate broth (TPB) at pH 12.0 compared to treatment for the same time in TPB at pH 7.3 (Taormina & Beuchat, 2001) . Cells of L. monocytogenes survived at least 6 days in TPB at pH 9.0, 10.0, and 11.0 stored at 4 or 21˚C, and cells stored in TPB at pH 10.0 for 48 h were more resistant to heating at 56˚C than were cells stored in TPB at pH 7.3 for the same time. Five food processing environmental isolates of L. monocytogenes (one serotype 1/2a and four serotype 4b) were suspended in 1% solutions of eight commercial food processing equipment cleaners (pH 7.1-12.5) and in water (control), then incubated at 4˚C for 30 min or 48 h. In only three alkaline cleaning solutions (pH 11.6-12.4) were populations reduced significantly after 30 min compared to reductions in water. After 48 h, populations were significantly higher in one cleaning solution (pH 10.4) than in water, while populations in six other cleaning solutions were reduced by Ͻ4.7 log 10 cfu/ml. Cells exposed to cleaning solutions for 30 min became sensitive to 4.0 or 6.0 g/ml free chlorine, and to 50 or 100 g/ml benzalkonium chloride and cetylpyridinium chloride, common components of quaternary ammonium sanitizers. Following exposure of L. monocytogenes to 1% solutions of a non-butyl alkaline cleaner (pH 11.6) and a heavy duty foaming alkaline cleaner (pH 12.6) for 30 min at 4˚C, cells were more tolerant to heating at 56˚C than were control cells. It was concluded that L. monocytogenes is capable of surviving for at least 6 days in a high-nutrient alkaline environment, and becomes more heat resistant as a consequence.
Survival and growth of alkali-stressed L. monocytogenes in frankfurters has been examined (Taormina & Beuchat, 2002a ). Cells exposed to alkaline cleaners or adapted to alkaline pH (10.0) were inoculated (2.0 log 10 cfu/g) onto beef frankfurters containing high fat (16 g) and high sodium (550 mg) (HFHS) or low fat (8 g) and low sodium (250 mg) (LFLS) per 57-g serving, stored at Ϫ20, 4, or 12˚C, and analyzed for populations over time. Depending on the type of alkaline cleaner used to treat cells and temperature at which inoculated frankfurters were stored, alkali adaptation may influence survival and growth (Fig. 3) . Populations of L. monocytogenes remained stable on frankfurters stored at Ϫ20˚C for up to 12 weeks. After storage at 4˚C for 6 weeks, populations of control cells and cells exposed to alkaline cleaners were ca. 6.0 log 10 cfu/g of LFLS frankfurters and ca. 3.5 log 10 cfu/g of HFHS frankfurters, but growth of alkali-adapted cells on both types of frankfurters was retarded. Growth on frankfurters stored at 12˚C was more rapid, but there was also delayed growth of alkali-adapted cells on HFHS and LFLS frankfurters after storage for 9 and 6 days, respectively. Control, alkaline cleaner exposed, and alkali-adapted cells were resuspended in exudates from both types of frankfurters and subjected to heat treatment. There were significant but unrevealing differences in D 59˚C and D 62˚C values between cell treatments and between types of exudate. Differences in growth characteristics of control cells and cells exposed to alkaline cleaners, compared to growth characteristics of alkali-adapted cells on frankfurters, should be further investigated. It is not clear why alkali-adapted L. monocytogenes would become more resistant to heating but less capable of growth on frankfurters at refrigeration temperatures. The observation that alkali-stressed cells of L. monocytogenes were not more heat resistant than control cells when heated in frankfurter exudates is not consistent with other observations using non-food media (Taormina & Beuchat, 2002b) . Although these inconsistencies may have been caused by differences in experimental procedures, research to determine if alkali-stressed L. monocytogenes, as well as other foodborne pathogens, exhibit changes in resistance to heat inactivation in a wide range of food products is warranted.
Concluding Remarks
Foods and food processing environments can impose extreme pH stress on spoilage and pathogenic bacteria. The behavior of bacterial cells exposed to these conditions is dictated by the nature of the acidulant or alkylating agent, duration of exposure, temperature, constitutive and induced ability to respond, and ability to synthesize shock proteins. These factors also affect the extent to which cells become cross protected to a secondary stress encountered after exposure to extreme pH. Investigations of the behavior of bacteria at pH extremes are made difficult by the fact that cells may act differently upon exposure to simultaneous or sequential stresses. While much is known about acidic stress and subsequent responses of foodborne pathogens, relatively little is known about their response to alkaline stress.
There are many similarities and differences in response of foodborne pathogens to acidic and alkaline pH environments. Many response mechanisms exist to ultimately increase the potential for survival and reproduction of cells. Working backward from the strategy of cells to survive and forward from an understanding of molecular responses to pH stress, a larger, clearer picture of these intricate mechanisms should eventually emerge. Proteomics may also result in a better understanding of mechanisms bacterial cells use to cope with extreme pH conditions. Since protein structure is particularly affected at extreme pH, genetic elements that contribute to conformation of protein molecules that may impact tolerance of cells to subsequent stress environments should be investigated. Fig. 3 . Growth of Listeria monocytogenes () and aerobic microorganisms (᭹) on high-fat, high-sodium (HFHS) frankfurters and L. monocytogenes (ᮀ) and aerobic microorganisms (᭺) on low-fat, low sodium (LFLS) frankfurters stored at 4˚C for up to 10 weeks. Quadrants A, B, C, and D show survivor curves for control cells, cells treated with low-foam alkaline cleaner, cells treated with nonbutyl alkaline cleaner, and alkali-adapted cells, respectively. Dashed lines indicate product "use-by" date. From Taormina and Beuchat (2002a) , with permission.
